Understanding how the variability of protein structure arises during evolution and leads to new structure-function relationships ultimately promoting evolutionary novelties is a major goal of molecular evolution and is critical for interpreting genome sequences. We addressed this issue using the ecdysone receptor (ECR), a major developmental factor that controls development and reproduction of arthropods. The functional ECR is a heterodimer of two nuclear receptors: ECR, which binds ecdysteroids, and its obligatory partner ultraspirade (USP), which is orthologous to the retinoid X receptor of vertebrates. Both genes underwent a dramatic increase of evolutionary rate in Mecopterida, the major insect terminal group containing Dipteras and Lepidopteras. We therefore questioned the implication of this event in terms of coevolution of their dimerization interface.
Introduction
One of the main problems encountered in the study of molecular evolution is to determine the consequences of natural sequence variations on the biochemical properties of proteins. This is of a particular importance to interpret the growing number of sequenced genomes (Laskowski and Thornton 2008) . Indeed, whereas genome projects are able to provide the putative primary structure of all the proteins of an organism, they are currently unable to predict their tertiary structure with the same efficiency. Because the function of a protein is largely determined by its 3D structure, it is important to decipher the rules that govern the evolution of protein structure, in order to learn to what extent we can extrapolate the knowledge obtained for one protein to its orthologs of unknown structure. To reach such an important goal, three types of data are required: a phylogeny of good quality, with numerous sequences from a wide variety of related species, substantial structural information for different orthologous proteins and the knowledge of the biochemical properties of the structures of interest. Obviously, only a limited number of proteins have been extensively studied as such and the limiting factor is most often the 3D structure.
The current coverage of the proteome by structures reveals that only two types of proteins fulfill these three criteria, indeed enzymes and nuclear receptors (García-Serna et al. 2006) . Strong biochemical background and numerous crystal structures make nuclear receptors a very good model for this kind of approach. These ligand-dependent transcription factors play critical roles in development and homoeostasis of all animals. The ancestral set of bilaterian nuclear receptors was probably around 25 genes, already distributed into the six known subfamilies. After several lineage-specific events of gene loss or gene duplications, the size of the extant families ranges from %20 members in insects to %48 to 70 in vertebrates, with a puzzling amplification in nematodes (.260) (Bertrand et al. 2004; Robinson-Rechavi et al. 2005) . All nuclear receptor proteins exhibit a characteristic modular structure that consists of five to six regions designated A to F, from the N-terminal to the C-terminal end. The regions A/B, D, and F, not all present in all receptors, are usually poorly conserved and their structure is unknown. By contrast, the DNA-binding domain (DBD, region C) and the ligand-binding domain (LBD, region E) are highly conserved and their structures have been determined for several receptors (Li et al. 2003) . The DBD is a globular domain made up of two nonequivalent zinc-finger structures with each zinc atom being necessary to retain stable domain structure and function (Khorasanizadeh and Rastinejad 2001) . Without exception, each LBD structure reveals a globular domain where 10-12 a-helices form three antiparallel helical layers that combine to make an a-helical sandwich. The ligand-binding pocket (LBP) of the receptor is located in the interior of the structure and is formed by a subset of the surrounding helices. Importantly, the function and activity of most nuclear receptors depends on their ability to dimerize, in the form of homodimers or heterodimers with retinoid X receptor (RXR) (or its insect ortholog ultraspirade [USP] ). To date, the crystal structures of monomers, homodimers, and heterodimers of nuclear receptor LBDs have been described, allowing comparison of the homo-and heterodimerization interfaces of several nuclear receptors LBDs (Folkertsma et al. 2005) . The overall heterodimeric arrangement closely resembles that of a homodimer. Typically, helices H9 and H10 contribute to more than 75% of the total surface and constitute the core of the dimer interfaces, which also comprise residues from helices H7 and H11 as well as from loops L8-9 and L9-10 (Bourguet et al. 2000; Gampe et al. 2000) . However, in contrast to the nearly perfect symmetric organization of homodimer interfaces, the heterodimer interfaces are asymmetric. Indeed, both RXR loop L8-9 and its facing partner helix H7 are not implicated in this interaction, whereas RXR H7 establishes contacts with its partner L8-9.
In this work, we present an evolutionary analysis of the structure of two arthropod nuclear receptors that heterodimerize to form the functional ecdysone receptor: ECR (NRH1), which binds ecdysteroids, and its obligatory partner USP (NR2B4), the ortholog of mammalian ubiquitous heterodimerization partner RXR (Henrich 2005) . The heterodimer ECR-USP binds to the promoters of target genes and activates transcription in the presence of an ECR ligand. The major physiological ligand in Drosophila is the steroid hormone 20-OH ecdysone, but ECR also binds numerous phyto-ecdysteroids and nonsteroidal agonists used for pest management (Koelle et al. 1991; Yao et al. 1992 Yao et al. , 1993 Thomas et al. 1993 ). In the insects, the activation of the ECR by an endogenous ligand triggers a gene cascade that controls embryonic development, molts, metamorphosis, and reproduction (Henrich 2005) . On the other hand USP still lacks an unambiguous ligand.
Recent progress in insect phylogenomics has revealed a genomewide acceleration of evolutionary rates in Diptera (flies, mosquitoes) and Lepidoptera (butterflies, moths) Savard, Tautz, Richards, et al. 2006; Zdobnov and Bork 2007) . Recently, some of us have shown that ECR and USP underwent an even higher increase of evolutionary rate during the early divergence of the Mecoperida clade, which comprises Diptera and Lepidoptera but also Mecoptera (scorpion flies), Siphonaptera (flees), and Trichoptera (caddishflies) (Bonneton et al. 2003 (Bonneton et al. , 2006 Bonneton, Chaumot, and Laudet 2008 ) (see fig. 1 for phylogenetic relatedness of the clades cited). In the case of USP, the divergence is so considerable that the LBD sequences of insects such as Coleoptera (beetles) or Hymenoptera (bees, ants) are more similar to the mammalian RXR than to the Mecopterida USP sequences. Whereas it recently appears that the more basal insect Locusta (Othoptera) binds 9-cis retinoic acid (Nowickyj et al. 2008) , structural data have shown that the USP insects closer to Mecopterida such as bugs and beetles lack an LBP (Carmichael et al. 2005; Iwema et al. 2007 ). In these animals, USP activity is therefore ligand independent. In contrast, in Mecopterida, a large LBP is present, suggesting the possible existence of a USP ligand in these species, whose identity remains elusive (Iwema et al. 2007 ) However, in both Heliothis and Drosophila USP LBD structures, the LBP contains a bacterial phospholipid copurified with the recombinant protein that exhibits exceptionally high affinity for USP (Billas et al. 2001; Clayton et al. 2001) . Although this has been first considered as an artifact due to the prokaryotic expression system, the use of cultured insect cells for expression leads to a similar result (Billas et al. 2003) . Phospholipid might thus function as a structural cofactor for USP, as fatty acids do for HNF-4 (Benoit et al. 2004) .
The requirement of the heterodimerization of ECR with USP for getting a functional receptor raises the crucial issue of how both partners have coevolved and maintained their vital interaction following this Mecopterida divergence. In this article, we take advantage of numerous insect sequences, well-defined phylogenies and good coverage of structural data, to perform a detailed structural comparison and to address the issue of the evolution of heterodimerization properties. We show that a torsion induced by an insertion located outside of the interaction surface, in a less crucial domain of the partner protein, causes a 30% enlargement of this surface in Mecopterida. Our results thus reveal a novel mechanism of intramolecular epistasis that use flexibility of less constrained part of a protein to modify the structure of another, critical region of the molecule, a mechanism that may be generalized to other molecules.
Materials and Methods

Structure Analysis
The structure of Tribolium castaneum ECR-USP LBD heterodimer was solved as described in (Iwema et al. 2007 ) and was deposited in the Protein Data Bank (PDB) under accession number 2NXX. The PDB entries for Heliothis virescens and Bemisia tabaci are 1R1K and 1Z5X, respectively. Structures were aligned with Pymol (Delano, http://www.pymol.org). Surfaces of USP dimerization interface were calculated with AreaiMol from the CCP4 suite (Lee and Richards 1971; Collaborative Computational Project Number 4 1994) using the difference of the USP solvent accessible surface as a monomer and in the context of the heterodimer. Default parameters were used: 1.4 Å radius probe solvent molecules and 10 surface points per Å 2 for accessible surface calculation. Pictures were prepared with Pymol.
Estimation of Site-Specific Evolutionary Constraints
Arthropods protein sequences coding for the LBD of USP or ECR were aligned using ClustalW as implemented in Seaview (Galtier et al. 1996) . Accession numbers are supplied in supplementary table 2, Supplementary Material online. Branch lengths of phylogenetic trees (supplementary fig. 1 , Supplementary Material online) were estimated with maximum likelihood methods using the PAML program (Yang 1997) . Estimations were completed respecting a predefined consensual topology ( fig. 1 ). Likelihood 754 Iwema et al. calculations were performed under the Jones-Taylor-Thorton (JTT) amino acid substitution model (Jones et al. 1992 ) plus rate heterogeneity between sites, estimated by a discrete gamma law with eight categories (with the shape parameter as an additional free parameter). As explained in supplementary figure 2, Supplementary Material online, and first reported by Bonneton et al. (2003) , the existence of two groups of insect sequences of USP and ECR led us to make separate analyses for Mecopterida and non-Mecopterida arthropods. For the non-Mecopterida group, 15 ECR and 11 USP sequences provided alignments of, respectively, 225 and 226 complete sites after gap removal. For Mecopterida, 17 ECR and 15 USP sequences were gathered in alignments presenting, respectively, 244 and 250 complete sites. Alignments of the dimerization domain (helices H7 to H10) are shown in figure 2.
Assuming that functionally important residues are under stronger selective constraints that lower their evolutionary rates (Knudsen and Miyamoto 2001) , we first followed the same procedure as Iwema et al. (2007) in order to detect shifts in the functional constraints acting on each protein residue over time. For ECR and USP and for each of the two taxonomic groups, we estimated sitespecific substitution rates using the bayesian approach implemented in the PAML program Yang and Wang 1995) .
In a second step, we aimed at weighting this sitespecific measure of variability over time by the physical, chemical, and structural differences between amino acids. For this, we employed the synthetic distance matrix computed by Grantham (1974) using the modified version proposed in the PAML software. These synthetic distances take into account the differences in volume, composition, polarity, and aromaticity between amino acids. Besides, ancestral states of protein residues at each internal node of the four phylogenetic trees were determined by marginal reconstruction using PAML . Only states with the highest posterior probability were retained for the analysis. Therefore, we computed a site-specific measure of functional divergence without taking into account uncertainty on ancestral states and ignoring multiple substitutions along branches as proposed by Dutheil et al. FIG. 1.-Predefined topology of Insect's phylogeny used in this paper. This consensus tree is based on classical taxonomic data, as well as more specific references concerning the following groups: Diptera (Yeates and Wiegmann 1999) , Lepidoptera (Weller et al. 1992; Regier et al. 2001) , Insects (Kristensen 1981; Whiting et al. 1997) , and Arthropods (Hwang et al. 2001; Giribet et al. 2001) . Species names underlined indicate that both ECR and USP sequences are available for these taxa. (2005) . For each site, we listed the changes predicted along the branches of the tree according to the marginal reconstruction, and we summed up all these changes weighted by their corresponding distance in Grantham's matrix. These computations provided us a score measuring the functional divergence undergone by each residue of ECR and USP during the evolution of both Mecopterida and non-Mecopterida groups. In order to allow the comparison between the four sets of sequences (ECR, USP for Mecopterida and non-Mecopterida), a normalization has been applied aiming at discarding the effect of the number of sequences and the effect of the taxonomic sampling of each set (inducing different amounts of evolutive time considered in each set). Each site-specific score was then divided by the average score computed for its group, hence supplying a measure named functional divergence score (FDS). FDS quantifies the relative amount of functional changes experienced by one residue of a protein along a given phylogenetic tree, in comparison with the average amount of functional changes observed for this protein for the same phylogenetic tree. This allows analyzing how functional constraints (which translate in evolutive pressure) are dispatched among the residues of a protein during the evolution of a taxonomic group (high constraints associated with low FDS). Next, by means of a contiguous color scale, we used the Pymol program (DeLano, http:// www.pymol.org) to project these scores onto the 3D structures of the ECR-USP complex of Heliothis (PDB file 1R1K; Billas et al. 2003) and Tribolium (2NXX; Iwema et al. 2007 ).
The estimation considering moderation by physicochemical differences of the evolutionary rates allows discriminating poorly constrained residues from positions with frequent convergent mutations between two amino acids that are chemically similar. As an example, the position 505 in helix H10 of Mecopterida ECR is either a Phenylalanine or a Tyrosine, two aromatic amino acids ( fig. 2 ). Considering the phylogeny ( fig. 1 ), the substitution between Phenylalanine and Tyrosine should occur at least five times during Mecopterida evolution considering the tree with the 17 ECR available sequences. In this case, the position is not conserved in terms of amino acid, but well conserved in terms of functional features. On the opposite, neighboring positions 499 and 502 present more divergent amino acids in the extant species. Here, relative substitution rates (4.2, 4.9, and 2.3 for, respectively, positions 505, 499, and 502) do not allow discriminating between functional conservation and residue conservation. By contrast, the scores of functional changes obtained using the moderation by chemically dissimilarities reveal differences in the evolutionary constraints (1.3, 4.7, and 3.8 for, respectively, positions 505, 499, and 502) ( fig. 2 ).
Reconstruction of the Ancestral Mecopterida Sequences of ECR and USP
Based on the computed trees for ECR LBD (32 sequences) and USP LBD (26 sequences) (supplementary fig. S2 , Supplementary Material online), we predicted the ancestral amino state for each position and for each node of the trees using CodeML from the PAML package. Then, we selected the ancestral Mecopterida sequences and we removed all sites built with more than two-thirds of gaps in the alignment. This is the case for only few positions in both LBD (5 and 38 sites in ECR and USP, respectively). For each site, CodeML provides a score for the probability of the best character at each node. The number of sites with a score below 95% is 23/246 for the ECR LBD and 97/271 for the USP LBD. Overall, the average confidence in predicted sites is 96.8% for ECR and 86.7% for USP (supplementary table 3, Supplementary Material online). As a control, we injected the ancestral sequences into the alignments, and we performed phylogenetic trees with 1,000 replicates for bootstrap (supplementary fig. 2 , Supplementary Material online). We built these phylogenies under a maximum likelihood framework with PhyML 2.4.5 (Guindon and Gascuel 2003) (substitution model 5 JTT, proportion of invariable sites fixed at 0, estimation of the alpha parameter of the gamma law with eight categories, initial tree with BIONJ).
Modeling of the Ancestral ECR-USP Structure
Using SWISS-MODEL (Schwede et al. 2003) , an automated homology modeling server, we modeled the 3D structure of the ancestral Mecopterida heterodimer ECR-USP. As a template, we used the structure of the heterodimer of Heliothis (PDB: 1R1K; Billas et al. 2003) . We aligned each LBD of Heliothis with the ancestral Mecopterida sequences. Because the coordinates for the H5-b sheet segment (10 aa) are not available for the 3D structure of Heliothis, we also removed this missing loop in the Mecopterida sequence of USP. We decided to do this because the ab initio modeling of large loops is difficult and not reliable. We built the model and we performed an energy minimization (300 cycles of Steepest Descent) with the GROMOS 43B1 force field (van Gunsteren et al. 1996) implemented in SwissPDBViewer (Guex and Peitsch 1997) . Finally, we checked the model using the embedded control system in SWISS-MODEL.
We assessed the quality of our model with the atomic empirical mean force potential ANOLEA (Melo and Feytmans 1998) (supplementary fig. 3 , Supplementary Material online). A positive value indicated violation of the 3D space for a residue (i.e., error in modeling or interaction zone). Based on the graphic, the overall structure is quite good, except at some residues that are in loops (i.e., 44-48 or 255-262) or at the end of chains (between ECR and USP [242] [243] and the USP H5-b-sheet loop [347] [348] ).
Results
A Novel and Larger ECR-USP Dimerization Surface in Mecopterida
The dimerization of nuclear receptors primarily involves a region of the LBD encompassing helices H7 to H10 (Laudet and Gronemeyer 2002) (fig. 2 ). Regarding Intramolecular Epistasis in the Ecydsone Receptor 757 ECR and USP, this part of the LBD is relatively well conserved in all insects including Mecopterida. For example, the sequence of the Tribolium (Coleoptera, non-Mecopterida) ECR dimerization domain shares 92% of similarity with the Bemisia (Hemiptera, non-Mecopterida) and 72% with the Mecopterida Heliothis (for USP: 90% and 79%, respectively). Moreover, 14 of the 15 Mecopterida-specific changes affect residues that are not involved in heterodimerization contacts (see below). Thus, a simple sequence comparison would suggest that the ECR-USP heterodimerization surface is similar between Mecopterida and nonMecopterida. However, our analysis of the 3D structures revealed a clear difference between these two groups of insects.
We have compared the heterodimerization surface of the three ECR-USP LBD structures currently available: the Mecopterida H. virescens, which is a Lepidoptera, and two non-Mecopterida: the Coleoptera T. castaneum and the Hemiptera B. tabaci. In each of these structures, ECR is complexed to the phytoecdysteroid ponasterone A. The overall mode of assembly of the heterodimer is very similar and follows the canonical heterodimerization mode observed for other nuclear receptors ( fig. 3 ; supplementary table 1, Supplementary Material online). The interface is mainly composed of helices H9 and H10 of both LBDs and is centered on a conserved core of four hydrophobic residues for each protein (connected with dots in fig.  3A ). Furthermore, five polar and electrostatic bonds implying conserved residues are common to the three structures (solid black lines). These amino acids are all localized in helices H9 and H10, except one lysine in helix H7 of USP. In addition, several charged and polar interactions are specific to one or two of these three structures (orange and blue lines, respectively) and the corresponding residues are also located in helices H9, H10, or in the loop L9-10 ( fig. 3A) .
The Heliothis structure reveals an additional zone that contributes to the heterodimerization interface. This new surface involves four specific interactions between either loop L8-9 or helix H9 of USP and helix H7 of ECR. In fact, side chain interactions involve on the one hand USP Arg385 and ECR Ser447 and on the other hand USP Asp378 and ECR Cys444. Furthermore, the ECR His440 side chain bonds to the main chain carbonyl group of USP Asp378 in L8-9. Finally, a salt bridge connects Lys380 to Asp437 (red lines in fig. 3A and B) . This interface between USP L8-9/H9 and ECR H7 is not present in Tribolium ( fig. 3C ) nor in Bemisia structures ( fig. 3D ). The interaction between the residues ECR His441 and USP Asp325 as observed in the Tribolium heterodimer involves side chains in contrast to Heliothis case. However, this specificity is not present in Bemisia, and its significance is therefore questionable. The mode of heterodimerization found for the two non-Mecopterida species is similar to that of RXR heterodimers, where RXR L8-9 does not contribute to heterodimer contacts ( fig. 3E ) except in the particular case of constitutive androstane receptor-RXR dimer (see discussion). The involvement of ECR H7 and USP L8-9 in the Heliothis ECR-USP dimerization interface has as structural consequence the significant enlargement of the interaction surface by more than 30% as compared with the Tribolium and Bemisia interfaces (969 Å 2 for Bemisia and 1,000 Å for Tribolium, but 1,298 Å 2 for Heliothis). As a matter of fact, the heterodimerization surface of Heliothis ECR/USP is the largest reported so far for a member of the RXR-USP group (NR2B). Thus, the comparison of the three available heterodimer ECR-USP structures suggests that a novel and larger dimerization surface was acquired during the evolution of Mecopterida.
The Enlargement of ECR-USP Dimerization Surface is an Indirect Consequence of a Mecopterida Specific Insertion
In order to investigate the structural basis of the differences in the ECR-USP heterodimerization surface, we superimposed Tribolium, Bemisia, and Heliothis structures using alignments on the ECR subunit, whose conformation is almost identical in all three species. The superimposition of Tribolium ECR-USP with Bemisia ECR-USP revealed a high similarity between these two non-Mecopterida structures (root mean square distance, rmsd, of 0.998 Å 2 for 193 Ca atoms) (Iwema et al. 2007) . In contrast, the superimposition of Tribolium heterodimer with that of Heliothis revealed significant differences that can be analyzed considering three specific zones for USP ( fig.5A, table1) .
The first zone encompasses the canonical heterodimerization interface. In this zone, Tribolium USP superimposes very well with Heliothis USP (table 1). The second zone corresponds to the N-terminal part of the LBD and is divergent. In this zone, loop L1-3 contains a specific sequence of 11 amino acids in Mecopterida (Bonneton et al. 2003) . This loop adopts a peculiar path between helices H3 and H12 in both Heliothis and Drosophila USP (Billas et al. 2001; Clayton et al. 2001; Iwema et al. 2007 ) with a consequence that helix H3 is displaced toward helix H12 ( fig. 5B ). In addition, loop L1-3 blocks helix H12 in an antagonistic position and makes contacts with the phospholipid present in the LBP of these two USPs. The residues of the Mecopterida-specific sequence play a particularly important role in these contacts (Billas et al. 2001) . The structure of the third zone is conserved between Tribolium USP and Heliothis USP, as shown by the low rmsd value when performing a structure alignment on this part of the LBD only (table 1) . However, due to the dramatic structural discrepancies observed for zone 2, the third zone of Heliothis USP is rotated by 15°toward the ECR dimerization interface in Heliothis USP, when compared with Tribolium USP (fig. 5C ). Furthermore, this rotation is accompanied by a bending of the N-terminal part of helix H9. Consequently, loop L8-9 of Heliothis USP forms additional contacts with Heliothis ECR helix H7 that were described above ( fig. 5C ). Importantly, the features observed for Heliothis USP in the context of the ECR-USP heterodimer are also present in the monomer structure of both Heliothis and Drosophila USP (rmsd of 0.503 Å 2 on 206 C-a atoms and 0.988 Å 2 on 222 C-a atoms, respectively) (Billas et al. 2001; Clayton et al. 2001 ). This strongly suggests that they are not induced by heterodimerization but are constitutive structural properties of the USP LBD and that this 758 Iwema et al. peculiar structure is representative of Mecopterida. This analysis indicates that, whereas the core of the heterodimerization interface is conserved, the position of loop L1-3 of the Mecopterida USP is responsible for the shift of a subdomain of USP toward its partner ECR. This leads to a new surface of heterodimerization ( fig. 5D ). The peculiar mode of interaction between Mecopterida ECR and USP is an indirect structural consequence of an 11 amino acid long insertion in the loop connecting helices H1 and H3 (Bonneton et al. 2003 ) that appeared at the base of this clade.
The Novel Dimerization Surface is Present in the Ancestral Mecopterida Structure Given that our structural comparison is based on a sole Mecopterida ECR-USP structure and that these receptors evolved rapidly, we thus asked whether the new surface observed in the Lepidoptera Heliothis is a general feature shared by all the Mecopterida species. Part of the answer relies on the fact that USP sequences of species representative of each of the five Mecopterida orders share a similar loop L1-3 concerning both length and sequence. This feature that has not been found outside The labels corresponding to USP and RXR structural elements are in bold; those for ECR and LXR are in standard. The residues implied in the interactions between Heliothis ECR H7 and USP L8-9 are labeled in (B) (in standard for ECR, in bold for USP). In (C-E) the corresponding seven residues are represented as sticks and labeled.
Intramolecular Epistasis in the Ecydsone Receptor 759 of this clade is thus considered as a synapomorphy (Bonneton et al. 2006) .
Because no structure of Mecopterida ECR-USP is available beside the Heliothis one, we took advantage of the existence of a large, representative set of 32 ECR and 26 USP sequences from numerous insect orders (among them four of the five Mecopterida orders) to predict the sequences of the ECR and USP LBDs of the common Mecopterida ancestor. Based on the full-length alignment and a predefined tree based on current knowledge on FIG. 5.-Heliothis ECR H7/USP L8-9 contact is due to the particular conformation of USP L1-3 and H3. (A) Representation of the three zones described for Heliothis USP. (B) View facing H3 and L1-3 of Tribolium USP (green) and Heliothis USP (violet) superimposed as described. The phospholipid contained in Heliothis USP LBP is in black (carbon) and red (oxygen). (C) Superimposition of Tribolium (green) and Heliothis (violet) ECR-USP heterodimerization interface based on Tribolium and Heliothis ECR structure alignment. The interacting residues in Heliothis ECR H7 and USP L8-9 are in sticks. The torsion of H9 N-terminus is indicated by a triangle. fig. 3 ). Interactions are in black dots. The labels corresponding to USP structural elements and residues are in bold; those for ECR and LXR are in standard. (C) Schematic comparison of Ancestral Mecopterida and Heliothis interactions between ECR H7 and USP L8-9. The confidence scores of the ancestral sequence reconstitution is given and are colored by means of a continuous scale from blue (100% confidence) to red (50% confidence or beneath).
Intramolecular Epistasis in the Ecydsone Receptor 761
arthropod phylogeny ( fig. 1) , we used CodeML from the PAML package (Yang 1997) to predict the ancestral amino acid state for each position for each node of the tree (supplementary fig. 2, Supplementary Material online) . The average confidence score in predicted sites was 96.8% for ECR LBD and 86.7% for USP LBD (supplementary table 3, supplementary fig. 4 , Supplementary Material online). As expected, the ancestral sequences exhibit short branches at the base of Mecopterida in the control reconstruction of the phylogenetic trees without predefined topology (supplementary fig. 2 , Supplementary Material online). We then modeled the 3D structure of the ancestral Mecopterida ECR-USP LBD heterodimer by homology with the Heliothis structure (PDB: 1R1K). The choice of the Heliothis structure as template was motivated by phylogenetical considerations: The common ancestor of Mecopterida thus of both Drosophila and Heliothis should present the same kind of USP structure. We removed the H5/beta-sheet segment (18 amino acids, probably a loop) in the Mecopterida sequence of USP-LBD because this part could not be resolved in the crystal structure of Heliothis ECR-USP. Furthermore, ab initio modeling of long loops is difficult and not reliable. We assessed the quality of our model with the atomic empirical mean force potential ANOLEA (Melo and Feytmans 1998) (supplementary fig. 2 , Supplementary Material online).
As expected, the model of the ancestral Mecopterida ECR-USP heterodimer reveals a structure highly similar to its homologous template. The rmsd is 0,157 Å 2 on 223 carbon-a atoms, when compared with the Heliothis structure. The confidence scores for predicted sites in the dimerization domain are very good: 96.8% for ECR and 93.1% for USP ( fig. 2; supplementary table 3 , Supplementary Material online). The heterodimerization contacts implicating both the hydrophobic core and the electrostatic and polar interactions of the canonical heterodimerization interface are almost equivalent to those observed for the Heliothis structure ( fig. 4A ; supplementary table 1, Supplementary Material online). However, an original electrostatic interaction is predicted between USP Arg358 (helix H10) and ECR Glu474 (helix H9) in the ancestral model. Although Arg358 is largely conserved in Diptera USP, and the ECR residue position 474 is hydrophilic in character (Glu, Gln, or Asp), both positions are highly variable in Lepidoptera (fig. 2) . Conversely, the salt bridge implying the lepidopteran specifically conserved Arg481 in the Heliothis ECR structure is absent in our ancestral model. This position 481 is a serine in the ancestral model as observed for all Diptera. This suggests the existence of a dipteran-specific interaction and a lepidopteran-specific one. It further supports the ancestral model by indicating specific interactions that are confirmed a posteriori by phylogenetic analysis.
Modeling predicts that the Heliothis-specific supplementary dimerization interface is present in the Mecopterida ancestral structure, with approximately the same size (1,347 Å 2 in the ancestral structure and 1,298 Å 2 in Heliothis) ( fig. 4B ). No steric clash was observed between ECR helix H7 and USP loop L8-9. The Mecopterida-specific interactions are conserved in the ancestral structure, with minor modifications ( fig. 4C ). Indeed, whereas Heliothis USP Lys380 interacts with ECR Asp437, in the ancestral model, the side chain of its homologue Arg380 (USP) points toward ECR Glu436, the neighboring position, which is well conserved in Mecopterida (FDS of 45 vs. 74 for nonMecopterida). Finally, residue 444 of ancestral Mecopterida ECR is a glutamine instead of a cysteine as in Heliothis. This residue interacts with USP Asp378 in both structures, although in a different manner. In fact, in the ancestral structure, Gln444 interacts with the Asp378 main chain carbonyl moiety, whereas in Heliothis Cys444 interacts with the side chain of Asp378.
Taken together, the results of the analysis of the modeled ancestral Mecopterida ECR/USP LBD structure support the hypothesis that the mode of heterodimerization observed in Heliothis is a Mecopterida ancestral feature that probably appeared during the emergence of this clade.
Evolutionary Constraints in the Mecopterida-Specific ECR-USP Dimerization Surface
Residues that play a key functional role are likely to show the weakest evolutionary rates because of stronger selective constraints (Knudsen and Miyamoto 2001) . It is thus possible to detect shifts in the functional constraint acting on a given amino acid by estimating its substitution rate. We therefore performed a phylogenetic analysis to identify changes in the evolutionary rates in ECR and USP LBD sequences in order to test the functional relevance of the Mecopterida-specific heterodimerization mode. Consistent with previous findings (Bonneton et al. 2003) , trees obtained after alignment of available ECR and USP LBD sequences show two distinct receptor groups: Mecopterida and non-Mecopterida The precise limits of these zones are indicated.
762 Iwema et al. (supplementary fig. S2 , Supplementary Material online). We thus decided to compute average site-specific evolutive rates within each of these two groups. We employed two methods based on maximum likelihood computations. First, the relative substitution rates were calculated using a model with rate heterogeneity between sites using bayesian techniques (Yang and Wang 1995) . Secondly, the amount of functional change undergone by each site was estimated, considering the reconstruction of ancestral sequences and taking into account the physicochemical differences between amino acids (Grantham 1974; Knudsen and Miyamoto 2001) . Both methods yielded very consistent results with a high correlation between scores (Spearman correlation rho ; 0.9, P value ,10 À15 for the four molecules). In our case, the estimation considering moderation by physicochemical differences of the evolutionary rates appeared to be more suitable to assess the site-specific functional constraint. Indeed, it allowed us to discriminate poorly constrained residues from positions with frequent convergent mutations between two amino acids that are chemically similar, whereas the simple knowledge of substitution rates does not allow to do this (see Materials and Methods for more explanations). The values of site-specific functional changes were then projected onto the crystal structure of one representative of each group: Tribolium for non-Mecopterida and Heliothis for Mecopterida.
Our results indicate that the core dimerization surface is highly constrained in both Mecopterida and nonMecopterida ( fig. 6 ; supplementary table 1, Supplementary Material online). In contrast, the pattern of functional divergence differs significantly for the Mecopteridaspecific dimerization surface. In loop L8-9 of USP and helix H7 of ECR, the FDS of evolutionary changes are low for Mecopterida ( fig. 6A ) and high for non-Mecopterida ( fig. 6B ). These results are indicative of a change in selective constraints that may be related to a gain of function in the new heterodimerization interface between ECR and USP in Mecopterida. Six of the seven residues that are involved in this interaction show a higher FDS for nonMecopterida than for Mecopterida ( fig. 6C and D) . This higher variability is probably the consequence of lower evolutionary pressure on these positions in non-Mecopterida. In Tribolium, the only contact observed between USP L8-9 and ECR H7 involves His441 and Asp325, two residues with relatively high scores (1 and 2.3, respectively), when compared with their conserved Mecopterida homologues (null scores). This suggests that this contact that is furthermore absent in the Bemisia structure does not undergo high selective constraints in non-Mecopterida ECR-USP heterodimers.
Taken together these data strongly suggest that the residues implied in the novel dimerization surface of Mecopterida ECR-USP underwent specific evolutionary constraints in this group of insects and play a conserved functional role specific to Mecopterida.
Discussion
The Mecopterida ECR-USP Defines an Atypical Heterodimerization Surface
We present here a comparative structural analysis that reveals a specific mode of heterodimerization in Mecopterida ECR-USP heterodimer. In this case, the modification of the shape of one of the two partners (USP), which occurred by a relative shift of two subdomains, impacts the structure of the ECR functional complex. This evolutionary innovation depends on two factors, namely, the interaction between residues belonging to loop L8-9 of USP and helix H7 of ECR, and the particular structure of helix H3 and loop L1-3 of USP that bring USP L8-9 in contact with ECR. We show that the contacts made between Heliothis USP L8-9 and ECR are made possible by the rotation of a part of the USP LBD toward its partner. This is made possible due to which is a consequence of the peculiar structure of L1-3 and H3. This latter structural feature comes from both Mecopterida-specific divergence of L1-3 sequence and the presence in the LBP of a phospholipid that is in tight contact with L1-3 and H3. This bacterial phospholipid, also present in the Drosophila USP monomer structure, comes from the production host Escherichia coli and, as such, was first interpreted as an artifact. However, native mode mass spectrometry analysis of Heliothis USP LBD produced in lepidoteran cultured cells has shown the presence of a population of insect phospholipids bound to the LBD with a very high affinity (Billas et al. 2003) . The functional conservation of the residues implied in the Mecopteridaspecific heterodimerization contacts described in this paper and the fact that the presence of the phospholipid in the LBP are essential for the peculiar structure of Heliothis and Drosophila USP strongly reinforces the hypothesis that the phospholipid is an essential structural ligand in Mecopterida USP. All known nuclear receptors include RXR (or USP) as a partner. When compared with these other heterodimer structures, the special mode of heterodimerization of Mecopterida ECR-USP consists in an increased symmetry of the interface. Indeed, it involves helix H7 of both partners, whereas helix H7 of RXR partners almost never participates to the heterodimerization interface (Billas and Moras 2005) . The only previously known example where RXR loop L8-9 contacts its partner helix H7 is the CAR-RXR heterodimer (Suino et al. 2004; Xu et al. 2004) . In this case, the large interface is not due to a movement of RXR L8-9, but to CAR H7 displacement toward RXR when compared with other heterodimeric nuclear receptors such as peroxisome proliferator-activated receptor (PPAR), retinoic acid receptor (RAR), or ECR.
Reinforcement of ECR-USP Heterodimerization in Mecopterida?
What could be the functional consequences of this new interface for the biochemical properties of the ECR-USP heterodimer? It appears that, like RXR (Mader et al. 1993; IJpenberg et al. 2004) , non-Mecopterida USP are able to form homodimers, whereas Mecopterida USP apparently lack this property (Lezzi et al. 2002; Graham et al. 2007; Iwema et al. 2007; Minakuchi et al. 2007 ). An exhaustive mutagenesis of the dimerization surface of human RXR has provided an important clue to solve this problem (Vivat-Hannah et al. 2003) . Homodimerization is easily disrupted by a single mutation, whereas even multiple mutations cannot fully impair the heterodimerization of RXR with RAR. Thus, if we assume that the Mecopteridaspecific acceleration of evolutionary rate increased the probability of single mutation in the dimerization surface, then, according to the conclusions made by Vivat-Hannah et al., homodimerization was more likely to be affected than heterodimerization. Interestingly, we have identified such a substitution at a heterotachous site. A Lysine in helix H10 is 100% conserved between all RXR and nonMecopterida USP. This residue (Lys363 in Tribolium, Lys452 in Bemisia) is under a very strong evolutionary constraint, as shown by a null FDS ( fig. 2) . On the contrary, the homologous position in Mecopterida USP can be an alanine (Ala416 in Heliothis), a serine or a glutamine (Gln457 in Drosophila). In the ancestral Mecopterida sequence, this position is an alanine with a very high FDS (2.7). This suggests that a relaxation in the evolutionary constraints occurred at this site during the divergence of Mecopterida from other insects. Importantly, mutation from lysine to alanine in human or mouse RXR suppresses homodimerization without affecting heterodimerization (Vivat-Hannah et al. 2003) . This mutation in mammalian RXR therefore mimics the evolutionary transition from non-Mecopterida USP to Mecopterida USP, a shift that may have induced a loss of homodimerization for this nuclear receptor. In a similar way, if non-Mecopterida ECR are able to homodimerize weakly, Mecopterida ECR never form homodimers (Henrich 2005; Ogura et al. 2005; Minakuchi et al. 2007 ). Several lines of evidence suggest that, in Mecopterida, USP acts as a chaperone-like partner for ECR stabilization. Indeed, even in the presence of their ligand, monomeric ECR LBD of Heliothis and Drosophila are very unstable in solution and need USP for solubilization and stabilization (Li et al. 1997; Henrich 2005) . By contrast, ECR of two non-Mecopterida arthropods, the Colorado potato beetle Leptinotarsa decemlineata and the scorpion Liocheles australasiae, are active without USP (Ogura et al. 2005; Nakagawa et al. 2007 ).
It appears therefore that the structural innovation of Mecopterida, regarding the ECR-USP interface, correlates with a lack of homodimerization ability for both USP and ECR. Thus, it is possible that the extended surface was associated with a reinforcement of the obligatory partnership between these two receptors at the expense of homodimerization. In the light of these results, the increase of the surface would mechanically strengthen the heterodimerization interaction, by allowing more interactions to be made. In conclusion, we can hypothesize that, during the evolution of Mecopterida, the increase of the heterodimerization interface strengthened the dependence of ECR for its obligatory partner USP. These results also demonstrate that, as expected from our previous analysis (Bonneton et al. 2003 (Bonneton et al. , 2008 , the coevolution between ECR and USP during the divergence of Mecopterida occurred, at least in part, through molecular adaptation of the heterodimerization surface ( fig. 7) .
Origin of the New Dimerization Surface between ECR and USP
The discovery of an extended interface between ECR and USP involving an additional subdomain was unexpected because the sequence of the dimerization domain is very well conserved among all arthropods. However, our analysis has revealed a new conformation for this 764 Iwema et al. domain. In contrast with the generally accepted idea that protein 3D structure is better conserved than its sequence (Laskowski and Thornton 2008) , the opposite is observed in the case of the ECR-USP heterodimerization surface. This is exactly the type of results that needs to be predicted out of genomic data, in order to provide useful modeling of protein structures. More generally, this problem is related to the structural effects of mutations and to their epistatic nature. The ECR-USP system illustrates very well how to address some of these difficulties.
''Whereas single residue changes do not usually markedly affect structure, one might expect larger sequence insertions and deletions to do so.'' (Laskowski and Thornton 2008) . We have shown here that the new dimerization surface is primarily an indirect consequence of a Mecopteridaspecific insertion located outside of this interface, in the loop connecting helices H1 and H3. In Mecopterida, this 22-23 amino acid loop contains a highly conserved motif of 11 residues (Bonneton et al. 2003) . Several of these conserved amino acids interact with the ligand and with helix H12, contributing to the antagonist structure of USP observed in Heliothis and in Drosophila (Billas et al. 2001; Clayton et al. 2001 ). This insertion was thus tolerated and accommodated within the core of USP protein in Mecopterida. Whereas RXR of the basal insect Locusta (Orthoptera) has recently been shown to bind 9-cis retinoic acid (Nowickyj et al. 2008) , extended analysis of Tribolium (Coleoptera) USP structure and function revealed a ligandindependent mode of activation and the lack of LBP (Iwema et al. 2007 ). Together, the facts that Coleoptera is the sister group of Mecopterida and that the USP structure of the less derived insect Bemisia (Hemiptera) revealed the same pocket-free LBD as for Tribolium (Carmichael et al. 2005) strongly suggest that the last ancestor before the Mecopterida divergence presented a ''Tribolium like'' USP that is without LBP (fig. 7) . Consequently, the occurrence of an insertion in the LBD of such a nuclear receptor with a ligand-independent mode of action is less likely to modify its activation, as it would be the case for RXR, whose activity relies on the reversible binding of fatty acids. An interesting feature of the DNA sequence corresponding to loop L1-3 is the presence of an intron, whose position is conserved between Anopheles, Tribolium, and Human (usp gene is intron-less in Drosophila species). Remarkably, short and long isoforms of USP, differing by a 20-23 amino acid insertion/deletion in L1-3, are produced in the locust Locusta migratoria and in the german cockroach Blattella germanica, two heterometabolous insects (Hayward et al. 2003; Maestro et al. 2005) . Similar isoforms involving a loop located inside the LBD are very rare for other nuclear receptors and have never been identified in the intensively studied USPs from Diptera and Lepidoptera. These data suggest that alternative splicing of the conserved intron in L1-3 may provide functional plasticity for the usp gene in non-Mecopterida species, a feature that was probably lost during the evolution of Mecopterida, possibly by a single mutation in a splicing site. In order to test this hypothesis, it would be very interesting to know if structural differences exist between the short and the long isoform of USP from Blattella or Locusta. Finally, it is noteworthy that all the FIG. 7.-Biochemical evolution of the ECR in insects. The heterodimer of the hexapoda's ancestor was probably composed of an ecdysteroïd (red square) liganded ECR (flat top) associated to a 9-cis retinoic acid (blue circle) binding USP (round) as illustrated by the Locusta example. During Insects' evolution USP lost its LBP (cross), as found in Bemisia and Tribolium but conserved the same mode of heterodimerization. Later, during the emergence of Mecopterida (270-300 myr), USP underwent two significant changes: acquisition 1) of a large LBP (white round), partly filled with phospholipids (yellow triangle) and 2) of a larger dimerization surface (thick lines) due to loop L1-3 position change that is schematized by an arrow from the position in hexapoda's ancestor (green) to the position in Mecopterida (violet). Our reconstruction of the ancestral Mecopterida structure supports this model. In non-Mecopterida (Locusta, Bemisia, and Tribolium), both ECR and USP can form homodimers. In Mecopterida, the new structure (gray) is associated with a loss of homodimerization and a reinforcement of heterodimerization.
Intramolecular Epistasis in the Ecydsone Receptor 765
Mecopterida USP share another specific insertion (15-27 amino acids) located in the loop between helix H5 and the beta sheet (Bonneton et al. 2003) . Unfortunately, this part of the protein could not be resolved in Heliothis ECR-USP structures, because of the poor quality of the electronic density in the region of the loop indicative of a partial disorder (Billas et al. 2003) . However, this loop is long enough to contact the N-terminal end of the helix H9 of ECR. If this interaction exists, then it would increase even more the surface of the dimerization interface.
If the additional surface can be explained primarily by the L1-3 insertion in USP, two residue positions show specific sequence changes. One (Lys363 in Tribolium, Ala416 in Heliothis) is in the core dimerization domain (helix H10 of USP) and has already been discussed for its possible implication in the loss of homodimerization for USP. The second divergent position is more interesting because it lies within the new dimerization surface. In Mecopterida, an arginine in helix H9 of USP (Arg385 in Heliothis) establishes an interaction with a serine in helix H7 of ECR (Ser429 in Heliothis), a bond that does not exist in non-Mecopterida species ( fig. 3 ). The arginine in helix H9 of USP shows a relatively low FDS (0.5), whereas its homologous position in non-Mecopterida (Val, Thr, Ala, Ile, or Ser) is not constrained (FDS 6.6) . Surprisingly, the serine in helix H7 of ECR is rather well conserved (alternatively an alanine) and shows a high FDS in both groups of insects (5.5 in Mecopterida and 3 in non-Mecopterida) ( fig. 2 ; supplementary table 1, Supplementary Material online). It means that the two interacting residues have followed different modes of evolution. The position in USP underwent in Mecopterida a nonconservative amino acid change followed by the establishment of strong evolutionary constraint. By contrast, the position in ECR maintained the nature of its residue and even increased its rate of change. We know that this serine is functionally important, because a mutation into an alanine increases the spontaneous ligand-independent heterodimerization between ECR and USP in Drosophila (Bergman et al. 2004) . This shows that a single amino acid change in one heterodimeric partner can lead to a new interaction even in the absence of a coevolutive change in the other protein. Such evolutionary paths are impossible to detect with merely sequence analysis.
In summary, the origin of the new interface lies indirectly in a region with specific structural and functional characteristics that allow a large insertion to occur with no deleterious effects. This conclusion is consistent with the general knowledge that insertions tend to be located in loop regions, between domains of regular secondary structure, therefore allowing the fold of the protein to be conserved. (Laskowski and Thornton 2008) . Interestingly, in the case of USP, the shape of the protein was actually changed by the insertion, which thus affects the dimerization interface, known to be of particular importance for the regulatory activity of nuclear receptors (Schulman and Heyman 2004) . This elegant mechanism illustrates how an essential and well-conserved protein subdomain can evolve through genetic changes located in a neighboring and less crucial subdomain by long-range effect. This intramolecular epistasis could be responsible for the robustness of the system that is to maintain the essential interaction between ECR and USP. We have shown elsewhere that six of the main regulators acting on the top of the ecdysone cascade underwent overacceleration during the early divergence of Mecopterida (Bonneton et al. 2008) . However, the output of the ecdysone pathway seems to be conserved among insects. These data suggest that the apparent neutrality of the L1-3 insertion may have been, in fact, an important molecular adaptation of USP when this unexplained burst of acceleration occurred at the origin of the Mecopterida clade.
From Sequence to 3D: The ECR-USP Model
In conclusion, these results demonstrate the importance of phylogenetic analysis to extract information concerning structure-function relationships hidden in the genome sequences. The divergence of ECR-USP in Mecopterida provides a good model to test, at a small scale, a strategy involving phylogenies, estimation of evolutionary rates, ancestral sequence reconstruction, genetics and structural information to detect structural information of functional relevance. If this method is successful, it could be applied at a larger scale, using all the high-throughput technologies of structural and genomic projects that are currently pouring more data than we can really understand. There is a strong need to sort all the sequence differences that can be observed between and within species in order to select those that are functionally relevant for the biochemical properties of the protein. Conversely, molecular phylogenies are based on multiple sequence alignment where each position is assumed to be independent of the others. This assumption is clearly too simplistic and taking epistasis into account should improve the calculation of phylogenetic trees.
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